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ALTITUBE PEKpO€WXCE AND OPERATIONAL CH4RACTERISTICS OF 

By E. William Conrsd and William R. Prince 

An investigation of turbojet-engine  thrust  augmentation by 
means of tail-pipe burning has been ocmducted in the HACA Lewie 
al t i tude wt& tunnel. Several f u e l  eysteuns snb flame holders were 
investigated in a  29-imh-dlemeter  tail-pige burner t o  dotennine 
the effect of fuel  dietributlon spd f lame-hold= deaign on tail- 
pipe-burner perPommce SnB operational chargcteriatics over a range 
O f  SimUhtted flight O O n d i t i O Z M s  

A t  an al t i tude of 5OOO feet ,   the type of flame holder used had 
only a slight effect  on the ccanbuation efficiency. AB the  alt i tude 
was hcreased,  the  decrease in peak ccmibustion efficiency becams 
more rapid as the  blocking  mea of the flame  holder was reduced. A t  
all altitudes  investigated, an Improvement in the Wormity  of the 
radial   distribution of fuel and a i r   e l i gh t ly  fnoreased the peak 
combustion efficiencies and shifted the peak ~ u a t i o n  efficiency 
t o  higher  tail-pipe  fuel-air ra t ios .  The u8e of 831 internal cooling 
liner extending the f u l l  length of the   t a i l -p ipe   cduet ion  chamber 
provided adequate shel l  cooling st a l l  flight condition8  investigated. 
A t  an a l t i tude  af 25,000 fee t  and rated engine epsed, the r a t io  09 
augmented thrust t o  normal thrust -eed from 1.44 at  a flight 
mch number Cg 0.27 t o  1.67 at a flight Wch number of 0.92. The 
average specific fuel wnsmption increased from 2.48 to 2.55 pounde 
per hour per poupd net thruet aa the fl-t Maoh numjber increemed 
over t h i s  range of flight conditions.  Operation was poesible  with 
most of the  co&igumtions up t o  an al t i tube of 45,000 f e e t  at a 
f l igh t  Mach number 09 0.27 . 
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In an extensive  research  program on thrust awentatlon of 
turbojet  englnes  being  conducted  at the NACA Lewis laboratory, 
utilization of the  tail-pipe-burning  cycle has been  shown to be a 
practical  method of increasing  the  thrust  of  turbojet  engines 
(references 1 to 4). As part of thie program, an investigation of 
thrust  augmentation by m8ns of tall-pipe  burning was mnducted with 
several axial-flow  types of turbojet  engine In the Lewis altitude 
wind tunnel. The work  reported  in  reference8 1 to 4 was largely 
devoted to obtaining maximum thrust with high combustion  efficiency 
and also stable  burner  operation over a wide range of fuel-air 
ratloe and flight  conditions. This investigation was conducted to 
study  the  effect  of  tail-pipe-burner  design  variables on burner 
performance and operation over a wide range of simulated flight 
conditions and thereby  provide  information  that  could  be applled in 
deeigning  tail-pipe  burners. In order to obtain  such information, 
it is neueesary to determine'the  effect of flame holders, fuel 
syetems, and burner dimenslone on the burner requirements  of maximum 
thrust  with  high  ocanbustion  efficiency,  stable  burner  operation over 
a wide range of fuel-air  ratios am3 flight  conditione,  adequate  tail- 
pipe  cooling,  dependable  starting,  and minimum loss in thrust  with 
the  burner  inoperative. 

DL the phaee af the tall-pipe-buzpiag studies reported herein, 
eeveral fuel systerme asd flame holdere were inveetlgated. on a 
29-inoh-diameter  tail-pipe burner used with an axial-f l o w  turbojet 
sngine to detemlne the ateeat & f'uel dietriblxtlon and flame- 
holder deeign on tail-pipe-burner perfoznzume anb operatiag ragge. 
Tall-pipe-burner ignition  syeteme and oooling liners were ala0 
investigated. Data ~ 8 1 ~ 8  obtained wlth eaoh corrfiguratian over a 
mnge af simulated  flight oo13ditione. 

Comparative  performanoe  data are presented t o  show  the  effect 
on tail-pipe-burner  canbuetion  efficiency and exhaust-gas t o t a l  
temperature of (1)  radial  fuel  distribution, (2) direction of fuel 
injection, and (3) tgpe  of flame holder. Data are preeented IZI 
graphical and tabular form for the beet  canfiguration  Investigated 
to show the effect of altitude and fl€ght Mach number on performernce. 
Altitude  blow-out  characteristics,  tail-pipe  shell  cooling, and 
tail-pipe fuel ignition are discussed. 
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The 535 engine used i n  this investigation has a  sea-level 
e ta t ic  thrust of 4000 pounds a t  an engine speed of 7700 rpm and a 
turbine-outlet temperature of 1250° F (1710O R). At t h i s  operating 
condition,  the air f lm l e  approximately 75 pounds per second. The 
over-all  length of the standard englne and tail pipe is about 
15 feet  and the maximum diameter is about 38 inches. The main com- 
ponents of the standard engine  include an 11-stage  axial-flow com- 
pressor, eight cylindrical direct-flow  caubustore, a single-stage 
impulse turbine,  a t a i l  pipe,. and an exbauet  nozzle. The diameter 

of the standard exhaust  nozzle used xas le inches. 
32 

ThrOughOUt the inVeStiStiOn, AH-F-48b, grade 80, unleaded 
gasoline w i t h  a lower heating  value of 19,000 Btu per  p o d  and a 
hydrogen-carbon ra t io  of 0.186 was used in  the  tail-pipe  burner and 
AN-F-32 fuel with  a lower heating  value of 18,550 Btu per pound 
and a hydrogen-carbon r a t i o  of 0.155 was used in the engine. 

Inatallation 

The engine was mounted on a wing section that spanned the 
20-footdiameter  test  section  of%he  altitude wind tunnel (fig. 1). 
Engine-inlet air pressures corresponding t o  .al t i tude flight cm- 
ditims were obtained by introducing  dry  refrigerated a i r  from the 
tunnel make-up a i r  system th rough a  duct t o  the engine inlet .  A i r  
was thrott led from approximately  sea-level  pressure t o  the  desired 
pressure at the engine inlet, while the  static  pressure In the  tun- 
nel test s e c t h n  was maintained t o  correspond t o  the  desired  alt i-  
tude. A s l i p  joint  with a fr ic t ionless  seal was used in the  duct, 
thereby ding possible  the measurement of thrust  and instal la t ion 
drag with the  tunnel scales. Ip order to simplify 'the installation, 
no cowling was installed. 

Tail-Pipe-Burner Assembly 

The standard 5-foot tail p i p e  was replaced by a t;ail-pipe- 
burner assembly 8 feet ,  9 inches  long, wfiiah was attached t o  the 
darnstream flange of the  turbine o a s i n g .  A cross-sectional view of 
the  teil-pipe-burner assembly with a tgpiual flame holder and fuel 
system installed is sham in  f igure 2. The assembly consisted of . 
three  sectims: (1) a  diffuser  eection 30 inches long, tapering 
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Fuel systems and flame holdera. - Bor a l l  oonflguratione the  
fuel wae InJected froan 12 redla; tdee equ~l4 epaced clmureferan- 
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in the  investigations dieoueeed in referanoes 3 and 4. The center 
pilot oone eerved a8 the flame holder for one Orp the c"igurations 
and also served as a part of the flame holder for the other con- 
figurations. 

Eight configuratians  that included the  aforementioned flame 
holder8 and fuel  injectors w e r e  investigated. The flame holder 
and the  fuel-injeotian  system for each  oonfiguration are given i n  
the  following table : 

Con-  
fig- 
ura- 
t ion 

A 

B 

C 

D 

E 

F 

G 

H 

Flame 
holder 

small two-P 

5 1 1  two-V 

MediUm two-V 

Medium two-V 

Large  two-V 

Octagonal 

Pilot 

Flow area 
blocked 
by flame 
holder 
(percent 1 

21.5 

21.5 

23.0 

23.0 

23.0 

29.2 

18.9 

0 

Fuel-injection  system 

Impinging-jet  injectors, fuel 
pattern 1; fuel  inJected in 
downstream  direction 

Impinging-  jet  injectors,  fuel 
pattern 2; fuel  injected In 
downstream  direction 

Impinging-jet  injectore, fuel 
pattern 3; fuel injected in 
downstream  direction 

Impinging-jet injector€!, fuel 
pattern 3; f u e l  injected in 
upetream direction 

pattern 3 

pattern 3 

pattern 3 

nattern 3 

Side-spray  in  jectore, fuel 

Side-spray  injeotors,  fuel 

Side-spray  injectors,  fuel 

Side-spray injeotors,  fuel 

The  flame-holder  blockdng  area  does  not  include  the  cross-sectional 
area of t h e  pilot cone. 

Imition systems. - W o  typee of tail-pipe  ignition  system 
were investigated  (fig. 6 ) .  For m e  system the fuelwa8 injected 
through a conical  epray fuel nozzle In the center of the  pilot cme 
(system A) .  Two spark plugs  were  installed,  one on either  side of 
the  pilot  cone. The other  system  provided  ignition by a mamentary 
increase in fuel flow  to  the fie1 nozzle in one of the enghe cm- 
bustors (syetem B). Thie exceeB fie1 in one  c&ustor  caused ea 
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burst of flame through the  turbine,  thereby  igniting  the  tail-pipe 
fuel. The tail-pipe-burner  fuel pump was used 86 the source of 
high-pressure fuel  f o r  t h i s  system. 

Instrumentat ion 

Pressures and temperatures were measured at several atatione 
in  the engine and the tail-pipe burner. Engine a i r  flaw w8s meas- 
ured with survey rakes mounted st the ewine in le t .  A complete 
pres8ure and temperature survey was obtained a t  the turbine  outlet 
and t o t a l  and s t a t i o  pressures a t   t h e  tail-pipe-burner  oulet were 
measured with a water-cooled survey rake. In d e r  t o  obtain a 
correction t o  the scale thrust measurements, the drag of the water- 
cooled rake was determined by means of a hydraulio balance piston 
meohanism. Both engine and tail-pipe-burner  fuel flows were meae- 
ured by calibrated  rotameters. 

PROCEDURE 

Data were obtained over a range of tail-pipe  fuel flaws a t  the 
following  simulated flight conditione: 

Altitude 
(ft) 

5,000 
10,000 
15,000 
15,000 
25,000 
25,000 
25,000 
25,000 
25,000 
30; 000 
35,000 
40,000 
45,000 

I Flight 
Mach 

number 
0.26 
.26 
.26 
.52 
.26 
.52 
.71 
.91 

1.10 
.26 
.26 
.26 
.26* 

Configuration 

- 
G 
G 

G 

G 

G 
G 

G - 
Dry refrigerated  air  was supplied to   the  engine a t  standard NACA 
conditione, exoept that no temperatures below about -20' F were 
obtained. The t o t a l  pressure a t  the englne i n l e t  was regulated to 
the value corresponding to   the  desired flight  condition assuming 
complete free-stream ram-pressure  recovery. 
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A t  each flight condition with the engine  ogerating at  rated 
speed of 7700 rpm, the  tail-pipe fie1 flow was varied from 8 min- 
imum determined by iminent blow-out t o  a mRr.tnnlm detemnined by 
(1) the  limitlng  turbine-outlet temperature of U S o  F (1710' R), 
(2) a limitation of about 7200 pounds per hour of the  fuel-supply 
system, OT (3) r ich  Combustion blm-out 8% high alt i tude.  

Thruet measurements  were obtained from the balance scslee and 
f r o m  the preseure survey at the exhawt-nozzle outlet. The thruet  
value8 presented were obtained from the  balance-scale meaaurements. 

The jet-velocity  ooefficient may be defined ae the r a t i o  of 
actual (scale) j e t  t h r u e t   t o  the i d e a l  thrust detedned by meas- 
urements with the exhauet-nozzle survey rake. V a r i a t i o n  of the 
jet-velocity  coeffioient with the nozzle pressure r a t io  is shown 
by the follawing ourve for the conical  exhauet nozzle used: 

1.0, 1.4 1.8 2.2 2.6 3.0 ' 3.4 

~ o z z ~ e  greaaure ratio, P& 



These value8 agree within the limit of data scatter with the value8 
given i n  reference 5. The actual der; thrust  for any other exhaust- 
nozzle design may be directly obtained by multiplying  the t h r u s t  
values  presented by the r a t i o  of the appropriate  Jet-velocity 
coefficient  to  the  coefficient given by the curve. 

Exhauet-gas temperature and canjbustion eff'icienoy were based 
on the measurements at the exhaust-nozzle outlet. The probable 
limits of error in the absolute  values of jet thruet, jet tempera- 
ture, and tail-pipe 

cent,  respectively. 
used in  calculating 

combustion efficiency are klL, f3, and &!5 per- 
2 

The symbols used in th is  report and the methods 
the resu l t s  are given in the appendix. 

Resul t s  of a preliminary phase of this  Investigstim, in which 
several flame holdere and f u e l  system were used i n  a 2%-inch- 
diameter tail-pipe burner, were unsatisfactory f o r  operation a t  
a l t i tudes above 25,000 feet because of the high combustion-ohamber- 
inlet  velocity. Satrsfactory altitude performance and operational 
characteristics were obtained with the m e  engine by inoreming 
the tail-pipe-burner diameter t o  29 inchee and thereby  reducing the 
burner-inlet  velocity  approximately 30 percent. 

3 

The practical  a9plioation of tail-pipe burning ae a thruet- 
aueentation means requires the use of a variable-area exhaust 
nozzle or 8 two-position exhaust nozzle. Iaasmwh ae a variable- 
area nozzle was unavailable, ccmprative perfornranoe data for the  
several modifications investigated were obtained vlth a ffred 
oonical erhauat nozzle. 

CoPnpmism of Burner Modifiati0118 

Tail-pipe  canbust~m  efficienoy and exhaust-gas t o t a l  tempera- 
ture were chosen as the variables t o  ehar the effeot of radial fuel 
distribution, the direction of fuel injection, and the type of flame 
holder used. These variables are presented as a functicm of tall- 
p ipe  fuel-air ratio,  which is defined as the ratio of tail-pipe 
f u e l  flow t o  the unburned air flaw entering the teil pipe. 

Radial fuel  distribution. - The effect of mrying the radial 
distribution of tail-pipe fuel ia ahown in  figure 7 ,  In which data 
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for  configurations A and B are cmpmed. For configuration A with 
fuel pattern 1, each injector had four pa i r s  of impinging jets; 
whereas, for configuration B with fuel  pattern 2, each injector had 
three pairs of impingZng je ts .  A t  all altitudes  investigated, the 
more uniform radial m i x t u r e  afforded by fuel   pat tern 1 gave sl ight ly  
higher peak conibuation efficiencies and increased the tail-pipe 
fue l -a i r   ra t io  at  which the peak oafbustion  efficiency  occurred. 
Both of these factors contributed t o  the higher  erhaust-gas tempera- 
tures and the conmxuitant thrusts  obtained  with  configuration A. 

Direotion of fuel  injection. - The exposure time of the fue l  
t o   t he  hot gasee in the tail pipe and the  peripheral  distribution 
of fue l  m i g h t  have an effect OII combustion efficiency. The effect  
of the  direction of fuel injection is ah- i n  figure 8,  i n  which 
data f o r  configurations C, D, and E are ccmpared. A l l  three con- 
f iguratione had fuel pattern 3, which was a modification of fue l  
pattern 1 designed t o  give a m o r e  hamogeneous radial mixture. The 
fuel was injeoted downatream f r a n  impinging-jet injectore for con- 
figuration C, upstream from impinging-jet inJectors  for configura- 
t ion  D, and sidewise from aide-spray injectors for  oonfiguratian E. 
A t  a l t i tudes of 25,000 and 45,000 feet the  direction of fue l  injec- 
t ion  had no appreciable  effect on the ombustion  efficPency or the 
exhaust-gas t o t a l  temperatime. 

Flame holders. - A camparison of the performance with four 
different flame holders is presented in figure 9, which shows data 
for configurations E, B, G, and H. Configuration E had the m e d i u m  
two-V flame holder,  configuraticm F the large two-V flame holder, 
configuration G the ootsgonal flame holder, and canfiguration H the 
p i lo t  flame holder. A t  an altstude of SO00 feet,  the  variatione 
in  caubustion  eff3ciency and exhaust-ga8,total tempemture  with  the 
four flame holders were small. A t  th i s  a l t i t ude  the large and the 
medium two-8 flame holders had approximately the 881318 combustion 
efficiency and exhaust-gas t o t a l  temperature a t  fuel-air  r a t i o s  
above 0.025. Above this fuel-air ratio,   the combustion efficiency 
was about 0.05 lower with the octagonal flame holder  than w i t h  the 
two-V flame holders and from 0.05 t o  0.09 l m e r  with  the  pilot flame 
holder  than with the two-V flame holders. A t  an al t i tude of 
45,000 feet, the variat-lons in  conibuetion efficiency and exkauet- 
gae t o t a l  temperature with the fou r  &figurations were large. The 
maximum combustion efficiencies obtained at this altitude were 0.76 
w i t h  the large two-V flame holder, 0.51 with the medium two-V flame 
holder, 0.37 with  the  octagonal flam holder, and 0.13 vith the p i lo t  
flame holder. The corresponding erhsad-gss t o t a l  temperatures 
varied in the 8ame mmner as the cambuaticm efficiency. 
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The variation of' the peak cmmbuetlan e&flclency  with altitude 
for each ooafiguratlon is &own in figure 10. These data M l o a t e  
that at 833 altitude of 5000 feet   the  type d f lane holder used had 
only a enrrll effect on the caanbustlon efplciency. In general, ae 
the altitude wae Increased, the clifferenoes in oambuetion ef'flolenoy 
obtained  with  the four oonf'lguratlane  became oonelbrably greetter. 
A t  al l  altitudes, the oostbustlan ef"lclenog deureased as the blocking 
area of the flame holder wae redwed. The broken porblose aP the 
ouFvB for c&iguratlone F anB G were btarmFnsd by peak afflclancy 
values obtained by s l ight ly  extrapolating the aumes of tail-pipe 
ocmbustlon df lc iency   ae  a function of tail-pipe fuel-air   ratio.  

TOtal-pret3Elure-lOs8 ra t ios  acwom the standard tall pipe and 
the  tail-pipe burners der mxibulplns oondltlons were measured, 
but  the  trends were i n c ~ l u s l ~ e .  The total-preesure-loss  xatio 
l a  defined &e the  loea in t o t e l  pressure between the burner inlet 
and the exhaust-nozzle outlet, divided by the burner-inlet total 
peelsure. At rated engine speed, the to ta l -pesure- loss   ra t io  uae 
0.011 for the standard tail pipe and varied frau 0.025 t o  0.035 
for the  tall-pipe-burner oonf-tlons. 

PerfoImemcm Charercterletlcs 

From the data of f iguree 7 t o  IO anB from addftional data 
not shown, the  higheet  tall-pipe rxmbuatlcm sgflolenoy and erherust- 
gae t o t a l  temperatures were obtained with conflgur8tlon B. Data 
obtained with oonfiguration B were therefore selected to d m -  
st rate   the effeot of al t i tude and flight Mach number an theee 
parameters. Data for sollf4furatlona C, D, E, and B have bean 
aham t o  i l l u s t r a t e  the affect c& flight &oh number 011 thrust- 
augmentation ratio,  exhauet-gae t o t a l  temperature, and epsclflo 
fuel cona~p t lon .  Data obtained  with  corzfiguratlon F are presented 
in table I. 

Tall-pipe-burner perPormsnce. - The effect of a l t i tude  on the 
variation of e-ust-gas t o t a l  temperature, tall-pipe combustion 
ed'flclency, and burner- and combustion-chamber-Inlet conditions 
xith  tal l-pipe fuel-air ratio l e  ahawn in figure 11 f o r  a range 09 
altitudes at  a fllght hbch number of 0.27. The oconbuertlon &"I- 
clenay at  an altitude of 35,000 feet reached a peak value af 0.86 
at tail-pipe fuel-air mtioe between about 0.030 and 0.040, vfilch 
aorrespond t o  over-all fuel-alr   ratloe from 0.039 t o  0,046. 
Increasing the altitude f mm 5000 t o  35,000 feet resulted in 
ellghtly higher ccanbuetion ef'f loiency (fig. l l (b )  1 and exhaust- 
ejas total temper8ture (fig. ll(a)). mese slight inol.eases, how- 
ever, may be due t o  iLiecrepcies  in the data. A further inoream 
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in altitude  to 45,000 feet  resulted in a slight  reduction in cam- 
bustion efficiency and exhaust-gas total  temperature fram those at 
5000 feet.  The =ked reduction in these  parameters as tail-pipe 
fuel-air  ratio was reduoed b 8 h  about 0.025 was &ten associated 
with  ccanbustion  blow-out an one or both ring8 of the f h e  holder. 

With  the  fixed-area  exhaust  nozzle,-the  burner-inlet  conditions 
varied  with  fuel-air  ratio as shown in figures  ll(c)  to l l (e ) .  In 
general,  the  tail-pipe-burner-inlet  total  temperature and pressure 
increased  with  tail-pipe  fuel-air  ratio, whereas the  combustion- 
chamber-inlet  velocity  remained  constant  at  about 412 feet  per 
second.  At a given  tail-pipe  fuel-air  ratio, the burner-inlet  total 
temperature varied only slightly  with  changes in altitude  except for 
data at 5000 feet for fuel-air  ratios below 0.030. 

The effect  of flight Mach number cm the variation of e m a t -  
gas t o t a l  temperature,  tail-pipe  combustion  efficiency, 8nd burner- 
and combustion-chanber-inlet conditions  with  tail-pipe fuel-air 
ratio is Shawn  in figure 12 for a range of flight  Mach  number8 fkcm 
0.27 to 0.92 at an altitude of 25,000 feet.  variations in flight 
Mach  nmiber had little  effect on the  conibustion  efficiency  except 
at  fuel-air  ratios below about 0.025 in  the  region of partial burner 
blow-out  (fig.  12(b)). The maximum tail-pipe  combustian  efficienoy 
of 0.e6 occurred  at  all  flight  Mach numbers investigated  at  tail- 
pipe  fuel-air ratfos of about 0.030 to 0.040. 

The exhaust-gas t o t a l  temperature w a s  only slightly  affected 
by variations in flight  Mach  number in  the  range  Investigated.  With 
configuration P the maximum exhau8t-gaa  total  temperature of 3200° R 
was  obtained  at a tail-pipe  fuel-air ratfo of about 0.048 (fig. ll(s)), 
which  corresponds  to an over-all fuel-alr  ratio of 0.053, The elope 

' of the  curve6 indicates that  somewhat  higher  temperatures  might  be 
obtained at  higher  fuel-air  ratios if the exhaust-nozzle area were 
increased. 

Operation wlth a variable-area  exhaust nozzle would narmally 
result in constant  burner-inlet cmditions at all fuel-air  ratios 
instead of the variations shown in figures ll(c) to Il(e) and 
12(c) to 12(e). High  burner-inlet  temperature snd prsesure normelly 
have a beneficial  effect on cambustian  efficienoy.  At a given 
flight  condition,  optimum  burner-inlet conditione exist at only one 
tail-pipe  fuel-air  ratio  with a fixed-area  exhaust  nozzle;  whereas 
operatjon with a varlable-area  exhaust  nozzle  would make possible 
optimum  burner-inlet  (turbine-outlet)  conditions over a wide  range 
of fuel-air  ratios  with  correspanding  improvements in performance. 
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Over-all performaaoe. - Thrust, erhaust-gas t o t a l  temperature, 
and specific fuel consumption were obtained for corrfiguratione C, D, 
E, and F (f us. 13 and 14) by cross-plotting the data f o r  a turbins- 
outlet  teunperature of 1650° R, which was the  highest temperature at  
vhioh sufficient data w e r e  available for oroee-plotting  with l i t t l e  
extrapolation.  Calculations Indioate that ellghtu higher thru8t 
augmentation would be obtained in operation at the limiting turbine- 
outlet  teanperature of 1710° R. The performance data presented for 
them configuratione are signlfioant only for the e l m  exhawt nozzle 
wed. For  the best colrOiguratlons investigated, inoreasing the 
exhaust-nozele area would permit operation at higher fuel-air rstioe 
with attendant increaeee in thrust and exbust-gae t o t a l  temperature, 
although the epeoiffc fuel cansumption would also be higher. 

The  variation of exhaust-gas  tot81  temperature and the  ratio 
of augmented  to normal net  thrust  with flight Mach number at an 
altitude of 25,000 feet is ehown i n  figure 13. Augmented thrust 
is defined a8 the thrmet with the tail-pipe burner inetalled and 
normal thruet is def'lned as the net thrmrrt obtafned at the m e  
turbine-outlet conditions with the standard tail pipe. The r a t io  
of augmented t o  normal thruat hmreaeed fKHn 1.44 a t  a flight 
Mach number of 0.27 t o  1.67 at a f l ight  Mach number of' 0.92. 

' With this increase in flight Bch  number,  the exbauat-gas t o t a l  
temperature rose from 3165O t o  3299 R. With the average total -  
pressure-loss ratio acroes the t a i l  pipe at' 0.030, the thrust 
vl th  the tail-pipe burner hmpesx&ive wa8 0.98 of that obtained 
with the et- tail plpe. 

Variation of the  specific  fuel  ccmmmpticm based 011 net thruet 
with  flight Mach number  with the tall-pipe  burner  operating and with 
the standard-engine tail pipe ie shown in figure 14. With the burner 
operating, the average specific fuel conerumption for the four con- 
figuration8 varied from 2.48 to 2.55 a6 the flight  Mach  number wae 
increased fYom 0.27 to 0.92. The specific fie1 consumption  with the 
standard-engine tail pipe varied from 1.15 at a flight  Mach number 
of 0.27 to 1.32 at a flight  Mach  number of 0.92. 

The operable range of tail-pipe f'uel-air ratioe for Oonf'igu- 
rations A to H is shown in  figure 15 fo r  altitudes f r a n  15,000 to 
45,000 feet  and a flight Mach number of 0.27. At a given altitude, 
operation was goseible  over a range of tail-pip fuel-air  ratios 
from lean  combustion  blow-out,  or  the  region  of  uncertain  operation, 
to  the ta i l -p ipe  fuel-air  ratio  corresponding  to  limiting  turbine- 
outlet  temperature. The region of uncertain  operation repreeente a 
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range of fuel-air ra t ios   in  which  blow-out is l ikely t o  occur. The 
exact  point of blow-out depends largely on the rate of t h ro t t l e  
retraction. With configuration G, rich canbustian blow-out wa8 
occasionally encountered at high a l t i t udes .  A t  an al t i tude of 
15,000 feet ,  the region of uncertain  operation occupied a rauge of 
t a i l - p i p e  fuel-air  ra t ios  frm approximately 0.008 t o  0.023. As 
the a l t i t ude  was increased, lean combustion blaw-out occurred at 
higher  fuel-air ratios; at an al t i tude of 45,000 feet,  lean blow- 
out was encountered at tail-pipe  fuel-air   ratios as high as 0.032. 

Periscope  observations dmn8tream of the exhaust nozzle indi- 
cated tha t  blow-out often occurred in s t e p s  with the first blow-out 
at  the  outer  ring of the flame holder and the last blow-out at the 
center  pilot. The data presented are fo r  complete blow-out. With 
the  variable-area nozzle, the combustion blow-out region .piat be 
shif ted  to  lower fuel-air  ratio8 because higher  burner-inlet tem- 
perature and pressure would be obtained at a l l  f’uel-air ra t ios .  

Tail-Pipe Fuel Ignition 

Several methods of igniting the ta i l -pi”   fuel  were investigated; 
only three methods, however, proved t o  be reasonably  succeseful. A 
method of ignitiq the  tail-pipe  fuel, wbich conaietently provided 
ignition a t  a l l  flight conditions, n e  a rapid  aocelerstion aP the 
engine that reaulted in a burst of flame through the  turbine and into 
the t a i l  pipe. This method ocoasionally =used blow-out in the 
engine combustors a t  45,000 feet .  Although thie method i e  eati&ao- 
to ry   fo r  experimental work, it is muitable f o r  flight u e .  

A second method, ayetam A (fig. 6) uti l ized  the  pi lot  00- at 
the downstream end ai the diffuser inner body t o  provide a eheltered 
region in whioh to install a f u e l  nozzle and spark plugs. Fuel wa8 
supplied t o  the ignition region by the  nozzle in the p i lo t  cone snd 
by the main fuel injeutors. With this syaterr~, star te .  were poeeible 
at  rated engine epee& up to an altitude of 25,000 feet .  Ocoaaional 
starts were made between 35,000 and 45,000 feet. Because the  aprk  
plugs were subjeot t o  failure from vibrstion and high temperature, 
t h i s  system was unreliable. 

A th i rd  method, emtan B (fig. 6), ai& proved t o  be the met 
sat iefactorqvas developed from the  praotioe of accelerating the 
engine t o  prom a flame in the tail pipe. High-preaeure f u e l  f r a n  
the  tail-pipe-burner fuel pump was moonentarily InJected  into oxm c& 
the engine cabustors  and a resultant buret of flame w e n t  through 
the turbine and into the tail pipe. Ignition of the fuel at alti- 
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tudes up t o  50,000 feet was certain on the f iret attempt provided 
that a ccmbuetible fuel-air mixture was pesent; a l l  starts were 
acocaplished in less than 2 secoada. When s t a r t s  were attmpted 
wlth tail-pipe fuel-air   ratios  too lean to  ignite,  the engine 
speed Inoreased about 100 r p u  as a resul t  of the  moanentary Imrease 
in fuel flow into  the engine. Although the system wae eatisfac- 
tory with the burner invest-ted, it m i g h t  be fnadequate on a 
burner installation ha- a considerably greater distance between 
the  turbine and the fuel injectors.  Satisfactory  operation of 
t h i s  system required that the  hQh-preseure fue l  be approximateLy 
200 pound8 per square inch above the large-slot manifold pressure 
at  low altitudes. This pressure differential could be reduced 
t o  about 100 pounder per square inch at 45,000 feet. Subsequent 
experiments have shown no deterioration of the turbine diaphragm 
after mer 200 starts with t h i s  aystesr. 

Tail-Pipe Cooling 

Sane of t h e  tail-pipe burners  previously  investigated  (refer- 
en= 3) that had no cooling liners installed beoctme excessively  hot 
and prolonged operation at high fuel-air  ratios resulted i n  damage 
t o  the burner shell and the exhaust nozzle.  Heat-transfer  calcu- 
la t lans  have indicated  the  feasibility of cooling the burner  shell 
by inetall ing a cooling liner inside the burner shell and thereby 
providlq a flow of gas a t  turbine-outlet temperature between the 
burner shell and the l iner.  The oalculatione  indicated  that a 
radial space between the liner and the shell of f’ram 1/2 t o  1 inch 
should be provided. Sane doubt then exlsted, however, as t o  whether 
a l iner extending the full length of the burner section would not 
fail  beoaufle of excessive  temperature. Several l iners  subeequently 
investigated extended fram 17 t o  48 inches ahead of the exhaust 
nozzle and provided a radial spaoe between the liner and the shell 
of frorn 1/2 t o  1 inoh. A l iner  *extending the f u l l  length of the 
burner section (48 in. ) and wi th  a l/Z-inch radial space between 
the l i ne r  and the burner shell provided adequate  cooling. With 
t h i s  arrangement, about 6 percent of the gas leaving the turbine 
passed betweeol the liner and the burner shell, maintaining a shell 
temperature below a maximum of about 1660’ R for all flight con- 
ditiane inVe8tigated. The liner temperatures were scanewhat higher, 
but the liner could withetand euch high temperatures  because the 
stresses in it were very low. 

The method of supporting the liner  offered  considerable 
trouble. The e ta t l c  pressure between the liner and the burner shell 
was slightly higher than the   s ta t ic  pressure  in the burner, which 
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resulted in  8 force  tending t o  collapse  the  liner. The l iner  could 
not be rigidly secured to   t he  burner shell, however, bemuse  the 
different ia l  expansion between the two surfaces resulted in severe 
warpage of the liner. The most adequate method of eupport found in  
t h i s  phase of the investigation  consisted of seam-welding 1- by 
1/2-inch  angles, 0.065 inch thfck, longitudinally along the outer  
surface of the liner, spaced about 4 inches apart around the c i r -  
cumference. The flame-holder  supporte pa8sed through slote  cut in 
the forward end of the liner, which permitted the  l iner  to expand 
w i t h  respect t o  the burner shell, and lmgitudinal movement of the 
l iner  was prevented. by tack welds a t  the rear of the liner. The 
longitudinal angles welded t o  the l iner  provided  adequate s t i f fness  
t o  prevent  collapsing of the  l iner by the  static-pressure  differen- 
t i a l  across it. Other improvements i n  methods of eupporting the 
l iner  were found in  a subsequent phase of the investigation. 

The following  results were  obtained fKIm an inveatigation of a 
29-inch-diameter t a i l - p i p e  burner on a turbojet engine i n  the NACA 
k W i 8  altitude WLnd tunml: 

1. A t  an a l t i t u d e  of 5000 feet,  the type of flame holder used 
had only a mall effect  on the combustion efficiency. The decrease 
in  peak combustion efficiency as the  a l t i tude was increased became 
more rapid as the blocking mea of the flame holder wa8 reduoed. 

2. A t  a l l  alt i tudes investigated, an improvement in the uni- 
formity of the radial mixture of f u e l  sdl air slightly increaeed  the 
peak  combustion efficiencies and shifted the peak cambustion effi- 
ciency t o  higher  tail-pipe  fuel-air  ratios. 

3. A t  a l t i t udes  of 25,000 and 45,000 feet, the  direction i n  
which the  tai l-pipe  fuel was injected  into  the stream had no appar- 
ent  effect  on tbe combustion efficiency. 

4. The maximum tai l -pipe cmbuetim effiCi8nCy obtained W88 
0.86. This efficiency was obtained over a range of flight Mach 
numbers f r o m  0.27 t o  0.92 at an al t i tude of 25,000 f ee t  and a t  a 
flight Maoh number of 0.27 at 35,000 f e e t  with tail-pipe  fuel-air 
ra t ios  of 0.030 t o  0.040, which correepand to  over-all 'Rzel-air 
ra t ios  of 0.039 t o  0.046. 
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5. The u88 of an internal cooling liner extending the  fill 
length of the  combustian chamber (48 in. ) and having a 1/2-inch 
gap between  the liner and the  burner shell provided  adequate shell 
coollng at all  flight conditione investigated. 

6. A t  SIT altitude of 25,000 feet  and a turbine-outlet  tem- 
perature of 1650' R, the  ratio of augmnted thrust  to  normal  thrust 
Inoreased from 1.44 at a flight  Mach number of 0.27 to 1.67 at a 
flight Mach number of 0.92. With  this Inoresee In flight  Mach 
number,  the  burner-outlet  temperature rose f h m  3165' to 3295' R 
and the  average  specific f u e l  coxmumption  inoreaeed from 2.48 to 
2.55 pound6  per  hour  per  pound  net thruet. 

7. Operation wae possible  with  most ofsthe tail-pipe-burner 
0anfiguratlans Investigated up to an altitude of 45,000 feet at a 
flight Mach number of 0.27 

8. Momentary injeotion of high-pressure  fuel l n t o  ogle of the 
engine cc3nbuetars  provided  eatisfactory Ignition of the  tail-pipe 
fuel  at altitudes up to 50,000 feet  at marlmum engine speed. 

M e  Flight Propulsion Laboratory, 

Cleveland, Ohio. 
PJatIansl Advlsory Ccxnmittee for Aeronautics, 
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APPEXDIX - MEZCHODS OF (XGCUIATIOa 

Symbols 

17 

The following symbols are used in the  calculations  and on the 
f iguree 

A 

B 

'n 

% 

D 

Dr 

3 
Fn 

f/a 

g 

H 

hC 

M 

P 

'8 ' 

P 

cross-sectional area, sq f't 

thrust  scale ieadlng, lb 

flaw (discharge)  coefficient, ratio of effective flow area 
to measured area 

jet-velocity  coefficient, ratio of actual Jet velocity or 
thrust to ideal  velocity or thrust  after expansion to free- 
stream  static  pressure 

nozzle  coefficient , cdcj 
thermal-expansion ratio, ratio of hot-exhaust-nozzle area to 
cold-exhaust-nozzle =ea 

external drag of installation,  lb 

drag of exhaust-nozzle survey rake,  lb 

jet  thrust, lb 

net  thrust, lb 

fuel-air  ratio 

acceleration due to gravity, 32.2 ft/sec 

enthalpy,  Btu/lb 

later heating value of fuel,  Btu/lb . 

Mach number 

total pressure,  Ib/sq ft abreolute 

total preesure at efiaust-nozzle survey station in atand&- 

2 

engine tail pipe,  lb/sq ft absolute 

etatic  pressure,  ib/sq ft absolute 
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gas constant, 53.4 ft-lb/(lb) (?R) 

total  temperature, OR 

stat ic  temperature, OR 

velootty, ft/sec 

a* flaw, ~b/sec  

bearing cooling air  flow, lb/sec 

f u e l  flaw, lb/hr 

specific fuel consumption  based an total fuel flow and net 
thruet, lb/(hr)  ( l b  thrust) 

-6 flow, Ib/sec 

ratio of specific heate f o r  @see 

combuetion efficiency 

Subscripte: 

a a ir  

0 engine 

f fuel 

i indicated 

m . temperature of fuel in m a n i f  old 

8 ecale 

t tail-pipe burner 

X inlet  duet at frictionless  elip j o in t  

0 free-stream conditions 

1 engine inlet 

6 tqil-pipe burner inlet or turbine outlet 
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7 tail-pipe  combustion-chamber  inlet 

8 exhaust nozzle, 1 in. forward of outlet 

9 exhaust-nozzle  outlet 

Calculations 

FliRht Mach number and airspeed. - Flight Mach number and 
equivalent  airspeed  were  calculated f’rm the  ram pressure ratio by 
use of the following equation: 

The equivalent  free-stream  total  temperature was assumed equal to 
engine-inlet  indicated  temperature. !Che use of this  aseumption 
introduces an error in airspeed of less than 1 percent. 

Air flow. - Air flow through the engine wa8 determined f h m  
the  pressurea and the  temperatures  measured  at the engine inlet. 

Static  temperature was obtained €’Pan the indicated  temperature by 
the  use of 811 impact  recovery  factor of 0.85. A small quantity of . air  approximately equal to the  engine fuel flow was bled f2-m the 
compressor for bearing cooling and was taken into account in cal- 
culating  the  combustion  efficiency and the  tail-pipe  fuel-air 
ratio. 
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Pipe 
Tail-pipe  gas  flow. - 
burner  was  calculated 

The total  weight  flow  through  the  tail- 
as 

%,e + Wf,t wg = wa + 
3600 - wc 

Augmented  tbruet. - The tbrust of the  inetallation  was  inde- 
pendently  detemnlned from balance-scale  measuremente  and f r a n  pres- 
sures  measured near the  exhaust-nozzle  outlet  by means of a water- 
cooled survey rake. Because of the  inefficiency of the  exhaust 
nozzle, the  scale  thrust is less than the rake thruet. 

Jet thrust was determlned from the balanoe-scale  measurements 
by use of the  following  equation: 

The last two terms  represent momentum and pressure forces on the 
inetallation  at  the f r i c t i d e s e  slip  Joint in the  make-up air duct. 
The  external drag of the  installation was determined from experiments 
with the engine  inoperative and with a blind  flange  inetalled to 
prevent air flaw through  the engine. 

Rake  thrust,  which  is  the  ideal  thrust  available, is given by 
the  following  equation based on the  total pressures obtained at 
station 8, 1 Inch  upstream of the  exhaust-nozzle  outlet: 

The value of y9 was obtained f'rm an approximate emaust"nozz1e- 
outlet  temperature  calculated from soale  thrust. Valuee of $ 
were obtained fKnn reference 6 and measured exhauet-nozzle akin 
temperatures.  At the mgurimum exhaust-gae total  temperature of 
3300' R, the value of. % w a p l  1.024. kaemch a8 the static  pree- 

equatims w e r e  also used to determine rake thrust. For supersonic 
Jet velocity, 

8uT0 p8 w88 Obhined for  Only part Of the data, the  fOllOWing 
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where 

Pg = p9 

For subsonic je t  velocity, 

where 

Pg = Po 

The change in t o t a l  pressure between the measuring stat ion and the 
eaust-nozzle   out le t  was assumed to be negligible. 

Met thrust was obtained from Jet thrust by the use of the 
equation 

WeA Fn = Fj - - Vo g 
c 

The flOW COeffiCient cd u8ed in eqU8tiCBIS (7) and (8) -8 

obtained as follows: The Jet thrust  given by equation ( 6 )  was 
plotted as a function of P8/po for all the data containing a value 
of p8. The appropriate expression f o r  jet thrust  given by equa- 
t ions ( 7 )  and (8) with Cd omitted, wa8 plotted on the same figure. 
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me flow coefficient Ca was then obtained a8 the ra t io  OCP the ordi- 
nates of the two curves. 

In a aimilar manner, the  combined  nozzle  coefficient C, was 
obtained  a8  the  ratio of the scale Jet  thrust  (equation ( 5 ) )  to the 
jet  thrust  given  by  equation8 ( 7 )  and (8) with C, canitted.  The 
jet-velocity  coefficient  is  given by 

tion 

Cn 
cj = q  

The values of thruet  presented were obtained  by  u8e of qua- 
(5), which  include8  nozzle losses. 

Exhauet-gae temperature. - Values of exhauat-gae  total-temperature 
at the  tail-pipe-burner  outlet  were determined by  use of the  equation 

Tubbe-outlet temperature. - Because the  temperature mkaure- 
menta  at  station 6 were  unreliable when the  tail-pipe  burner was in 
operation, the turbine-outlet  temperetures given in tab le  I were 
caloulated by means of the following relation: 

The value of T6 was  then  obtained from H6 and enthalpy  cbarte. 
The engine cambustion  efficiency was determined from experi- 
ments without  tail-pipe  burning to be approximately 98 percent  at 
rated  engine speed, 

b,e 

Combustion-chamber-inlet  velocitg. - The velocity  at  the 
combustion-uhamber  inlet wae calculated from the  continuity  equation - "_ . .~ 

using  the  static pressure measured  imaediately  upstream of- the flame 
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holder  and  assruning  constant  total pressure and  temperature fxmn 
the  turbine  outlet  to the burner in le t  as follows: 

Y 

Combustion  efficiency. - Tail-pipe  combustion  efficiency was 
oalculated  by  the  equation 

9 9 

m m 
3600 (. Wa-Wc ) Ha 1; + wf,e %,e] + Wf,t %,.I - wf,e  hc,e 

qb,t = 
Wf,t hc,t 

(14) 

The engine fuel is aesumed to be burned  completely in. the engine. 
Dissociation has not been  considered in the  calculation of canbustion 
efficiency;  however,  up  to  ternperatwee of 3600° R the  effect of 
dissociation  is  negligible.  The  method of determining  the enthalpy 
of fuel  is  given in reference 7 .  

Tail-pipe  fuel-air  ratio. - The tail-plpe.fue1-air  ratio  is 
defined as the  ratio  of the tail-pipe  fuel flow to  the unburned air 
entering  the  tail-pipe  burner. The assumption  used in obtainiw 
this  equation was that  the  fuel  injected  in  the engine was completely 
burned. 

The  value of 0.067 is  the  stoichiametsic  fuel-air  ratio for the 
fuel used. 

Normal thrust. - In order  to  account for the p08Sible perform- 
ance  deterioration  in  the  basic  engine  during  the  progress of the 
tail-pipe-burning  program, the normal net thruet at rated  engine 
speed was calculated from measurement8 of total pressure and  tem- 
perature at the  turbine  outlet,  the gas flow lea- the  turbine, 
and  the  total-pressure-loss  ratio  acroBa  the  standard  tail  pipe. 
The method of calculating  this  thrust  is  shown  in the following 
equation : 
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where Paf ie  the  product of P6 and  the  total-preesure  ratio 
aorosa  the standard tail  pipe Pa/P6 at  rated  engine speed. A 
value of 0.97 was used for  CJ in determining  the  actual  thruet 
of the  basic  engine. 
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I 
(a) Two-V flame holder. 

a 
-! 

(b) Octagoaal  flame holder. 

. .  . 

. "  " - 

(c) P i l o t  flame holder. 

Figure 4. - Schematic diagrams of flame holders. 

c 
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(b) Oct- flame holder. 
Figure 5. - Continued. Photograph8 af flame holdere. 
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Flgur~  6. - Tall-pipe fuel-igQitlan a m .  
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(a) Exhaust-gae total temperature. 

Figwe 7 .  - Effect  of radial h e 1  distribution on variation of exhaust-gas 
total  temperature and combuation  efficiency rith tail-pipe f'uel-air 
ratio. Flight Mach number, 0.27. 

. .. 
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(a) Exhaust-gas to ta l  temperature. 

(b) Tail-pipe canbustion efficiency. 
Figure 8. - Effeczt of direction of fuel  injection on variation of 

exhauat-gas total temperature and combustion  efficiency wlth tail- 
pipe fuel-air ratio. Flight Mach number, 0.27; fuel patterm 3. 
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& 

d 
F 

(b) Tail-pipe ombustion efficienay. 

Figure 9. - Effect of flame-holder deslgn on variation of exhaust- 
gas t o t a l  temperature and cambustion efficiency  with tail-pipe 
fuel-alr ratio. F l i g h t  Haoh number, 0.27. 
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Figure 10. - Effect of flame-holder design on variation of peak 
ombustion efficiency with altitude. Flight  Mach number, 0.27. 
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3400 

2600 

1800 

1000 
(a) Exhaust-gas  total temperature. 

( b )  Tail-pipe oombustion efficiency. 

Figure 11. - Effeot of altitude on varfation of exhaustogas total 
tenrperature, tall-pipe aombuetlan efficienoy, and burner- and 
conibustion-duutber-fnlet conditions with tail-pipe Rzel-air 
ra t io  for configuration F. Flight Mach number, 0.27. 
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(d) Burner-inlet total temperature. 
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(e) Burner-inlet total pressure. 
FLgure 11. = Concluded. ISffeot of altitnde on variation of exhaust- 

gas total  temperature, tail-pipe oanibustion efficiency, and 
burner- anB ~ambustlon-chamber-inlet oonditions w i t h  tail-pipe 
fuel-air ratio far oonfiguration F. plight Ma& number, 0.27. 
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(a) Exhaust-gaa total temperature. 

(b) Tail-pipe combustion efficiency. 

Figure 12. - Effect of flight Mach number on variation of e-aust- 
gas total temperature, tail-pipe conibustion effioiency, and 
burner- and combustion-chamber-inlet conditions with tail-pipe 
fuel-air ratio for configuration F. Altitude, 25,000 feet. 
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(d) Burner-inlet t o t a l  temperature. 

(e) Burner-inlet t o t a l  pressure. 
EXgure 12. - Concluded. Effect of flight Mach number on variaticm 

of exhaust-gas total temperature, tail-pipe combustion efficiency, 
and burner- and conhustion-chamber-inlet condition8 w i t h  tail- 
pipe Azel-air rat io  for configuratfon F. Altitude, 25,000 feet. 
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Figure 13. - Variation of thrust-augmentation ratio  and exhaust- 
gas total  temperature  with  flight Mach number  for configurations 
C, D, E, a;nd F: Turbine-outlet temperature, 1650° R; altitude, 
25,000 feet. 
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Flight  Mach number, 10 

Figure 14. - Variation of specific fuel consumption based on net 
thrust with flight Mach number for configurations C, D, E, and F 
and f o r  standard-engine t a i l  pipe. Turbine-outlet temperature, 
1650° R; altitude, 25,000 feet. 
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Figure 15. -Variation of operable range of tall-pipe fuel-alr r a t i o s   d t h  altitudde for 
several tail-pipe-burner oonf igurat im.  F l i g h t  Mach number, 0.27. 
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